Abstract-In this paper, the practical tradeoffs for designing submillimeter wavelength imagers based on optomechanical systems combined with focal plane arrays (FPAs) are presented. The architecture of these systems differs for operation at short and long ranges. General formulas to derive the effective field of view of diffraction limited quasi-optical systems in these two scenarios are shown. These formulas can be used to evaluate the performance of a specific optical system implementation. As an application example, we present the design of an optomechanical system that can operate at both ranges in a modular approach. The presented implementation achieves an effective field of view, which is 70% of the canonical one. The proposed solution consists of a linear FPA of eight active transceivers combined with a raster scan technique. The system for short-range scenario is a side-fed dual-reflector Dragonian architecture because of its good scanning performance when illuminated by an FPA. Thanks to the system's small aperture, the scanner is arranged after the primary mirror, without causing additional scan loss. The Dragonian system is then used to illuminate a confocal dual-reflector architecture to magnify its aperture, and can be used in the long-range scenario. The scanner in this case is before the main aperture and it has to be considered in the performance optimization of the optical system since it adds phase aberration loss. Index Terms-Concealed object detection, imaging system, optomechanical system, quasi-optical system, security, stand-off detection, submillimeter wavelength.
I. INTRODUCTION

S
ECURITY imagers for concealed object detection are key devices to guarantee the security of public spaces such as airports, military compounds, and venues. Concealed weapon detection has been achieved in several frequency bands [1] - [3] . X-ray imagers are widely used for screening of luggage [1] . However, X-radiation is ionizing and, therefore, may cause health risks. For this reason, these imagers have been prohibited by the European Community for people screening. Instead, millimeter wavelength imagers, based on synthetic imaging techniques combined with a portal-like configuration, are nowadays successfully being used in many airports worldwide [2] . The extension of these systems at large distances is challenging since large antenna apertures would be needed and synthetic imaging can be degraded by moving persons. Submillimeter wavelengths have emerged, instead, to be a good solution for people screening at larger stand-off distance, because relatively small physical apertures can achieve the required resolution. Moreover, the signal penetration through the clothing is still sufficient for detection at these frequencies.
Several submillimeter wavelength imagers are currently available in the literature [3] - [11] , using passive or active schemes. Table I summarizes the current state of the art of these systems. They are all based on an optomechanical antennas coupled to small focal plane arrays (FPA), and therefore, they rely on mechanical scanning to generate the image. The current submillimeter wavelength imagers suffer from low speeds and/or limited field of views (FOV) due to the lack of integrated array technology at these frequencies. Passive imagers have been demonstrated using up to approximately 100 cooled detectors [8] - [11] . Instead, the development of active submillimeter wavelength imagers has been focused on singlepixel architectures [4] - [7] . In [12] , it was demonstrated that it is possible to develop compact homodyne active transceivers with sufficient sensitivity for security imaging. This enables a route for submillimeter wavelength FPAs with 10-20 coherent transceivers achieving quasi-video rates.
The use of submillimeter wavelength imagers for concealed object detection on noncooperative subjects is envisaged in the future to insure security and defense in various scenarios. Several sensors can be used to protect the same building or venue and they have to work at different distances from the target and with different resolutions. Since quasi-optical systems operating in the Fresnel or near-field region are needed to meet the requirements of resolution and operating distances in submillimeter wavelength imagers for security applications [13] , the operational imaging distance is defined by the surface of the primary reflector (see Fig. 1 ). In particular, an elliptical reflector with a focus on the image plane is commonly used as the primary mirror to achieve diffraction limited beams at the center of the FOV [13] . Even if, to certain extent, it is possible to achieve mechanical refocusing [14] , these systems cannot operate in different environments requiring significantly different focusing ranges and similar cross-range resolutions, because the use of the same mirror aperture while refocusing will lead to larger beams at larger distances. Therefore, in this paper, we present a modular optomechanical system able to operate in two scenarios with different range requirements.
In a short-range (< 4 m) system, inset of Fig. 1 , the angular FOV to image a person is very large, making it difficult to achieve low antenna scanning loss. However, the diameter of the primary optics is relatively small, allowing the use of a mechanical scanner after the main aperture. For the systems operating, instead, at large range (> 4 m), as shown in Fig. 1 , the angular FOV is relatively small. However, large apertures are required to achieve satisfactory resolution. Therefore, an optical magnification is necessary to reduce the physical dimensions of the mechanical scanner. The challenge, in this case, is to design an optical system that guarantees good scanning performance for both the FPA and the scanner.
The optical system architecture is, therefore, dependent on the dimensions of the mechanical scanner. In this paper, general formulas that allow us to evaluate the practical limits of the effective FOV in optomechanical diffraction limited quasi-optical systems for a specific scanner dimension are presented. In this paper, the effective FOV is defined as the dimension of the image plane in which the quasi-optical system directivity has a difference of less than 3 dB with respect to the broadside directivity, guaranteeing an approximately constant cross-range resolution. The definition relates to the overall effect of the phase losses (comparable to the Strehl ratio), effective aperture reduction, and polarization losses. The effective FOV increases quadratically with the range distance and beam spot, and decreases significantly when a magnification is introduced to use a smaller scanner dimension. As an application example, we present the design of a dual-mode optomechanical system operating at 220 GHz. The system is based on a linear array of eight homodyne transceivers [12] . This paper's content is divided as follows. The practical tradeoffs in designing the optomechanical systems together with the effective FOV as a function of the scanner diameter are described in Section II. A compact reflector system that minimizes the scan loss for off-focus feeds is designed for a short-range scenario as described in Section III. Also in Section III, the same architecture is coupled to a magnifying optical system for longer ranges. A prototype of the quasi-optical system was fabricated and is shown in Section IV along with its measurement results. Section V concludes this paper.
II. CANONICAL OPTOMECHANICAL IMAGING SYSTEMS
The optimization of the optomechanical-based imaging systems at submillimeter wavelengths is driven by two main parameters: the image resolution and the speed. The cross-range resolution is related to the half-power beamwidth of the field diffracted by the optomechanical system at the image plane and ultimately limits the effective FOV of an imaging system. The speed is related to how fast the imager can sample the FOV. In general, the image acquisition speed can be increased by using an FPA, because several points are imaged simultaneously. An FPA architecture for small arrays that leads to a well-sampled image at high speed is a sparse linear array of N a elements with a raster scan [15] . In this case, a two-axis scanning mechanism is required, as shown in Fig. 2 , with one axis operating at a significantly higher speed given by where f i is the required frame rate and N y is the number of required pixels in the slow-motion direction.
The maximum operational speed is imposed by the available mechanical scanner, which tends to be significantly slower the larger its physical dimension and the FOV size. In practice, the size of the scanner also determines the effective FOV. The optical architecture indeed depends on the diameter of the scanner D s and how it compares to the main optics diameter D m . The latter is related to the range R f , the required 3 dB antenna beamwidth at the stand-off range Δρ, and the wavelength λ 0
for −11 dB reflector-edge illumination. This taper represents the best tradeoff to maximize the aperture's illumination efficiency with standard feeds [16] . Two scenarios can be identified depending on the ratio D m /D s . The optimum optical system architecture differs significantly in these two cases, named short range for D m /D s < 1, and large range for D m /D s > 1.
In this section, the effective FOV that can be achieved in these two scenarios by a canonical ideal optical system is evaluated. The figure of merit (effective FOV) is the 3 dB scan loss FOV (i.e., a directivity reduction of the last pixel of 3 dB with respect to the central one) as a function of the range and required resolution. The scan loss is evaluated considering the field radiated by the quasi-optical system, making the analysis general for active and passive imagers. This figure is useful to evaluate the performance of the proposed optical systems and the corresponding imaging quality of the imager. Indeed, a 3 dB scan loss corresponds roughly to a cross-range resolution enlargement of a factor 1.5, regardless of the type of imager (active or passive). If this condition is imposed, comparable resolution is achieved over the entire FOV, guaranteeing essentially the same image quality. If the cross-range resolution Δρ and the stand-off distance R f are fixed, the diameter of the quasi-optical system can be calculated according to (2). As it was shown in [17] , the effective FOV does not depend on the frequency of operation of the imaging system for a given combination of cross-range resolution and range. Therefore, the results presented in this section can be considered as a practical metric for the design of diffraction limited reflector systems for near-field focusing at submillimeter wavelengths. In particular, we consider an illumination of −11 dB of the reflector rims. Since ideal symmetric reflectors are considered, they actually represent the upper limits of the effective FOV of practical optomechanical systems implemented using offset reflector architectures with canonical surfaces. Indeed, all optical systems summarized in Table I are limited by the curves presented here.
A. Effective FOV Limits for Short-Range Scenario
For short ranges, the scanner can be placed after the main optics in the transmit path (i.e., between the optics and the FOV) and has an impact in terms of spillover and image spatial sampling. However, it does not introduce additional phase aberrations. Therefore, the effective FOV is only limited by the quality of the patterns radiated by the FPA. In order to evaluate the effective FOV, one can consider a canonical symmetric elliptical reflector as in Fig. 3 (a) with a flat scanner located after the focusing mirror (not shown in the figure for simplicity). The two foci of the ellipse f 1 and f 2 coincide with the center of the focal plane and the center of the FOV, respectively. The field radiated by a source in the focus f 1 is then focused in the focus f 2 and the corresponding radiation pattern is diffraction limited. The ratio between the focal distance F m and the diameter D m is referred as the f-number of the reflector, f # = F m /D m . If a feed is displaced in the focal plane of a quantity d from its center, the beam scattered by the reflector is linearly scanned in the FOV by a quantity S. The effective FOV is defined here as twice the scanning range (for symmetry) 2S for which the scan loss (i.e., gain reduction with respect to the gain of the on axis feed) reaches the value of 3 dB.
The variation, as a function of the imaging distance, of the effective FOV of the symmetric ellipse is plotted in Fig. 4(a) , gray curves. The curves were obtained by using GRASP [18] with the feeds tilted toward the center of the reflector. In such configuration, the spillover is negligible, and therefore, the scan loss is mainly related to phase aberrations. To keep the same 3 dB beam size Δρ while increasing the range, the diameter of the reflector has to be enlarged using (2). The corresponding values of D m are reported in the top horizontal axis for Δρ = 1.4 cm. The effective FOV size can be increased by enlarging the optical f-number of the reflector f # . However, a very large fnumber corresponds to a very large FPA to image a required FOV and can cause spillover problems [17] . Therefore, for practical reasons, an f-number between 2 and 3 is usually chosen when designing this kind of imagers. In the case of Fig. 4(a) , it is fixed to f # = 2.5. Note that, in order to keep f # constant, the focal distance F m is changed according to the diameter while increasing the range.
The effective FOV increases as a function of the imaging distance, the spatial resolution and the f-number. Following a similar approach as in [19] , a formula to describe the effective FOV by an elliptical reflector with −11 dB taper was derived by performing a parametric study in GRASP
Equation (3) was derived for 1 m ≤ R f ≤ 10 m; 1 cm ≤ Δρ ≤ 5 cm; and 2 ≤ f # ≤ 4. Note that these ranges include most of the systems reported in Table I , with the exceptions of [4] and [9] . Therefore, it constitutes a relevant practical metric. For validation, it is also plotted in Fig. 4 (a) (black curves) for the analyzed cases. The effective FOV predicted by (3) shows agreement within 10 cm difference to the curves obtained in GRASP.
The possibility of using the described configuration depends on the size of the available scanner D s that is typically fixed for mechanical reasons (i.e. maximum weight to achieve a desired speed). In particular, the scanner can be placed after the main aperture only if D m < D s . For example, considering a frequency of 220 GHz, Δρ = 1.4 cm, and D s = 25 cm, this scenario is only applicable for R f < 2.2 m. If this condition is not satisfied, an optical magnification has to be used so that the secondary optics has a size comparable to the one of the scanner.
B. Effective FOV Limits for Long-Range Scenario
A reflector solution that was found to be efficient for security imagers based on mechanical scanners is the confocal architecture [13] , [19] . The latter is shown in Fig. 3 (b) in a symmetric arrangement. It is composed of a parabolic secondary mirror and an elliptical primary optics to focus in the near field. The confocal point f 1 is a common focus of both the secondary and primary mirrors. A plane wave impinging parallel to the optical axis on the parabolic reflector is focused in f 1 . The corresponding beam illuminating the elliptical primary mirror is then focused in the second focus of the ellipse f 2 that corresponds to the center of the FOV. If a plane wave impinges on the secondary mirror at an angle θ PW , the field in the FOV is scanned to an angle θ o ≈ θ PW /M , where M is the optical magnification and can be expressed as the ratio of the focal length of the two mirrors: M = F m /F s , with F m and F s shown in Fig. 3(b) . Considering that the two mirrors have the same f-number, F m /D m = F s /D s , the magnification can be also expressed as M = D m /D s . The angular scan θ o corresponds to the linear quantity S in Fig. 3(b) . The same effect can be achieved by using a flat scanner before the secondary mirror illuminated by a collimated field and rotated of a quantity θ PW /2.
As it was shown in [19] , it is possible to calculate the position of the scanner that minimizes the spillover. Using this technique, the system scan performance is only limited by phase aberrations. The secondary reflector has to be oversized in order to intercept the beams deflected by the scanner. This configuration was used to estimate the performance of the canonical optical system considered here. The effective FOV of the confocal calculated by using GRASP is shown in Fig. 4(b) (gray curves) for the same resolution values as for the symmetric ellipse of Section II-A and an f-number f # = 1.5. As an example, the diameter of the incident plane wave (and then the scanner) is fixed to D s = 183λ 0 , corresponding to 25 cm at 220 GHz. The confocal magnification M = D m /D s is varied with the range to keep the same plane wave dimension and cross-range resolution and it is indicated in the top horizontal axis of the figure. Note that the curves for different resolutions starts from different ranges, corresponding to the points in which the magnification is equal to 1. By performing a parametric study in GRASP, the effective FOV of the confocal system can be approximated as
This equation is plotted in Fig. 4 (b) (black curves) for comparison, showing excellent agreement with the GRASP simulations. Equation (4) was derived for 2.2 m ≤ R f ≤ 10 m; 1 cm ≤ Δρ ≤ 3 cm; 1 ≤ f # ≤ 2; and 1 ≤ M ≤ 7. The effective FOV of the confocal system is smaller than the one of the symmetric ellipse because of a residual loss introduced by the combination of the two reflectors that increases with the magnification. The derived formulas can be used to estimate an upper limit for the evaluation of the effective FOV of practical diffraction limited reflector configurations designed for maximum directivity at broadside.
The effective FOV can be enlarged by using a bifocal configuration [19] . Two sharp foci can be achieved in the FOV at the price of a small phase aberration loss at broadside. This configuration can be approximated by using a best-fitting confocal solution. The latter consists in the optimization of the positions of the two reflectors, without changing the mirror shapes, and allows a 50% effective FOV enlargement.
III. DUAL MODE OPTOMECHANICAL PRACTICAL IMPLEMENTATION
In this section, a practical implementation of an optomechanical system suited for linear FPAs is described. It can operate in the two scenarios presented in Section II and is based on a modular approach: a short-range scenario-based optical system that can be used as the tertiary optics of a long-range-based optical system. In both configurations, a raster scan technique is used to sample the FOV, as shown in Fig. 2 . A flat scanner is used for the fast axis motion and the slow motion is implemented by rotating the primary mirror of the of the short-range system. The choice of using two separate scanners simplifies the mechanical implementation. Only a few beams have to be scanned in the slow-motion direction to fill the gaps between the feeds, making the use of the primary reflector the most compact solution without compromising the beam quality.
A. Short-Range System
For the short-range scenario, the design is focused on the choice of the quasi-optical system that guarantees the best performance when illuminated by an FPA comparable in size to the main optics. In [17] , a comparison in terms of scan loss of standard reflector and lens architectures for near-field imaging systems at submillimeter wave frequencies was presented. Thanks to its small optical magnification, the side-fed Dragonian dual-reflector configuration [20] , [21] (see Fig. 5 ) was shown to be the practical configuration that allows the largest effective FOV when illuminated by an FPA [17] . For this reason, it was chosen for the current design. The Dragonian dual-reflector system was designed by following the procedure described in [21] . Two parameters have to be fixed: the distance between the two mirrors l and the offset angle α, as shown in Fig. 5 . In the current design, these parameters were optimized to minimize the scan loss associated to off-focus displacement of the feeds.
The FPA can be disposed either in the symmetric (z d in Fig. 5 ) or offset (y d in Fig. 5 ) direction of the focal plane of the reflector. The scan loss simulated by using GRASP in the symmetric and offset planes are shown in Fig. 6 for the design range R f = 3.5 m. For the current analysis, the reflectors of the Dragonian are not oversized and the feed is tilted toward the center of the secondary reflector for every analyzed position. The scan loss of the symmetric elliptical reflector described in the previous section with the same resolution is also reported as reference. The 3 dB FOV of the symmetrical elliptical reflector is almost 2 m. Instead, due to its offset configuration, the effective FOV of the Dragonian system is reduced to approximately 1.4 m and 1.3 m for symmetric and offset scanning directions, respectively. Since the scan loss is comparable in the two directions, the choice of the optical system architecture was driven by the minimization of the spillover and the dimension of the scanner. The FPA in the symmetric direction allows us to oversize the secondary mirror without encountering blockage effects. The spillover on the scanner can be reduced by properly selecting its distance from the main aperture and adjusting the tilt angle of the feeds. These two operations allow us to direct the beams toward the center of the scanner, minimizing its dimensions. Eight feeds disposed symmetrically in the z d -direction (see Fig. 5 ) are used in the design and they are schematically shown in Fig. 7(a) . The exact positions of the feeds were optimized to compensate the beam deviation factor of the system. With the proposed configuration, the feeds point toward the center of the scanner as shown schematically in Fig. 7(b) , where the output directions of the beams corresponding to all the feeds are reported. The edge feeds do not point to the center of the scanner because they are tilted by 4
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• toward the center of the secondary reflector. The reason for this choice is that, if no tilt is implemented, the size of the primary mirror of the Dragonian would increase significantly to avoid spillover. Since this mirror has to be rotated to scan in the slow-motion direction, its size has to be as small as possible.
The optimized geometrical details at the central frequency f 0 = 220 GHz are reported in Table II . The range from the primary mirror is 3.5 m, and the corresponding diameter for 2.8 cm beam size can be calculated by using (2) to be 19.9 cm. The primary mirror diameter in Table II corresponds to a 15% oversize. The scanner is placed at 30 cm distance after the primary reflector, and it is tilted by 30
• . Therefore, the imaging distance from the scanner to the FOV is reduced to 3.2 m (see Fig. 1 ). The secondary reflector was designed with a rectangular rim since the spillover mainly occurs in the symmetric plane, where the feeds are arranged. Thanks to the oversized reflectors, optimized scanner position, and feed tilts, the spillover loss is lower than 0.6 dB for all the feeds and scanner rotation angles. The radiation patterns corresponding to the eight feeds of the FPA are shown in Fig. 8 when the scanner is not rotated. The patterns are normalized to the gain of an elliptical symmetric reflector focusing at the same range and with the same resolution. The 3 dB beamwidth is narrower than 3 cm for all the feeds, indicating the good quality of the radiation patterns over the scan range of the FPA.
In order to scan the fields in the horizontal direction (x in the inset of Fig. 1 ), the scanner is rotated about a vertical axis, parallel to the y d -direction in Fig. 5 . The patterns in the FOV when the scanner is rotated ±6.75
• are shown in Fig. 9 . The FOV is wider than 1.2 × 1.2 m 2 , and the HPBW is narrower than 3.1 cm over the entire scanned area, with a maximum scan loss of 2.2 dB. Note that, in this case, the FOV is limited by the size of the FPA and rotation range of the scanner, and does not reach the limit of the effective FOV given in (3). The symmetric ellipse, for comparable scan loss, shows an FOV of 1.7 × 1.7 m 2 (see Fig. 6 ). Therefore, the FOV of the optimized Dragonian system corresponds to 70% of the one of the canonical optomechanical system presented in Section II.
B. Long-Range System
The Dragonian system described in Section III-A was used to illuminate a confocal dual-reflector system (see Fig. 1 ). The primary reflector of the system has a diameter of 50 cm and the focusing distance is 4.4 m. Therefore, according to (2), the 3 dB beam size is 1.4 cm. Even if the range is similar to the one of the quasi-optical system describe in Section III-A, the different design constraints of short and long range apply because of their different aperture sizes. The main reflector of the confocal system could be reshaped to achieve a different range. Instead, the sizes, shapes, and positions of the other reflectors would not need to be changed.
Typically, the secondary reflector of a confocal system is a paraboloid and it is illuminated by a collimated beam [12] , [19] . In the current design, the confocal system is illuminated by the Dragonian described in Section III-A that has an elliptical primary optics and an FPA. Therefore, a hyperbolic reflector is used as the secondary mirror of the confocal, as shown in Fig. 10 . The hyperboloid has a focus coincident with the one of the primary reflector of the confocal and one coincident with the center of the FOV of the Dragonian system. This mirror was oversized in the design to avoid spillover and has a rectangular rim, with side length 35 × 35 cm 2 . The details of the final design are shown in Fig. 10 and Table III. The confocal architecture was optimized to enlarge the effective FOV by using a bifocal configuration (see Section II-B). For this reason, the focus of the elliptical primary mirror and the center of the FOV do not coincide. A magnification M = 2 was used for the confocal system.
In the current configuration, the quadratic loss introduced by the confocal system [13] has to be optimized while the beamscan occurs in both the symmetric and offset planes at the same time. In particular, the system is illuminated by the FPA in its offset plane and the scanner displaces the beams in the symmetric plane. The z d -position of the feeds [see Fig. 7(a) ] has to be optimized to keep into account the beam deviation factor. In order to improve the performance over the large considered FOV, the feeds have to be displaced also in the x d -direction. The scan loss, including phase aberrations and spillover, of the edge feeds are shown in Fig. 11(a) as a function of their x dposition. Note that in this analysis the feeds point toward the −x d -direction, i.e., no tilt is implemented. The tilt was included in a later stage to further reduce the spillover loss. The scan loss is shown for the cases of nonrotated and fully rotated scanner (8.2
• ). As the feeds are moved away from the secondary reflector of the Dragonian system [positive x d -direction in Fig. 7(a) ], the loss increases when the scanner is not rotated, whereas it reduces when the scanner is fully rotated. The same behavior can be observed in Fig. 11(b) for the 3 dB beam size. These figures show that a tradeoff between the performance with and without scanner rotation has to be done in order to achieve satisfactory scan loss and resolution over the entire FOV. Based on these considerations, all the feeds were optimized and their locations in the focal plane are reported in Table IV . As in the case of 
the short-range scenario, all the feeds point to the center of the scanner with the exception of the edge ones that have to be tilted to reduce the spillover considering all the mirrors. The patterns associated to the eight feeds of the FPA are shown in Fig. 12 . They are normalized to the gain of an elliptical symmetric reflector focusing at the same range and with the same resolution. The patterns show a scan loss lower than 2.2 dB and the 3 dB beam size is narrower than 1.7 cm. The patterns in the xy plane of the FOV are reported in Fig. 13 , showing good quality over the entire scanning range. The slow motion needed to fill the gaps between the feeds is done by rotating the primary mirror of the Dragonian system, with a required rotation of ±0.9
• . The FOV is larger than 80 × 70 cm 2 and the maximum scan loss is for feed +4 when both the scanner and the primary mirror of the Dragonian are fully rotated. The beam in this case points at −40.2 cm and +45.6 cm in the x-and y-directions, respectively. The scan loss for this point is 4.2 dB and the 3 dB beam size is approximately 2 cm. Therefore, over the scanned FOV, the resolution enlargement is less than 1.5 times the required value (1.4 cm) and the spillover is lower than 1 dB.
In order to compare the results with the canonical architecture shown in Section II-B, only the area in which the scan loss is lower than 3 dB is considered. This corresponds to an effective FOV of 70 × 70 cm 2 . The symmetrical confocal system considered in Section II-B has a magnification of 2 for the considered range and resolution, corresponding to the current design. Note that the ratio between the diameter of the secondary and primary mirrors is not 2 because of the oversized diameter of the secondary reflector. The effective FOV shown in Fig. 3(b) for the canonical system is 85 × 85 cm 2 . Therefore, the effective FOV of the current design is approximately 70% of the one of the ideal architecture of Section II-B.
IV. PROTOTYPE FABRICATION AND MEASUREMENTS
The focusing mirrors of the optical systems described in Section III were fabricated and measured. The antenna patterns were measured using a near-field xy-scanner system, schematically shown in Fig. 14 . The receiving antenna is a modified square-slot antenna positioned in the focus of an elliptical silicon lens with a 5.5 mm diameter [22] . The assembly of the Dragonian system is shown in Fig. 15 and is located at 3.2 m from the xy-scanner. A custom microwave conical horn RCH04R [23] was used to illuminate the optics. It provides a −10 dB taper at approximately 12
• , as required by the chosen f-number of the Dragonian system (f # = 2.5). A low-weight implementation of the scanner is crucial to obtain fast scanning of the FOV. Therefore, the mirror was fabricated by using ALUCORE, an aluminum composite, as a material. This permitted to reduce its weight to less than 400 g and achieve a scanning speed of 10 Hz.
The patterns corresponding to several feeds of the FPA were measured, and as an example, the x and y cuts of the pattern of feed +2 [see Fig. 7(a) ] are shown and compared to GRASP simulations in Fig. 16 at the central frequency f 0 = 220 GHz. Excellent agreement between measurements and simulations can be appreciated. The 3 dB beam size is approximately 2.8 cm, as predicted by the simulations, corresponding to a two-way resolution Δρ/ √ 2 = 2 cm. The Dragonian system was then used to illuminate the confocal dual-reflector architecture described in Section III-B for the long-range scenario. A photograph of the system is shown in Fig. 17 . As a first test, a feed was placed in the center of the focal plane. Its measured and simulated patterns in the FOV are shown in Fig. 18(a) in both the horizontal and vertical plane. Again, excellent agreement between measurements and simulations was found. The 3 dB beam size is approximately 1.4 cm as required and good pattern symmetry was achieved. The normalized patterns in the vertical plane corresponding to three feeds of the FPA, namely feeds −2, +1, and +4 are shown in Fig. 18(b) . The measured and simulated patterns are in good agreement. A slightly larger beam was achieved for the edge feed (+4). However, its HPBW is approximately 2.2, close to the requirement of maximum beam enlargement of a factor 1.5 (2.1 cm).
V. CONCLUSION
The practical limits of the effective FOV in optomechanical imaging systems at submillimeter wavelengths were described in detail in terms of scan performance of canonical symmetric reflector configurations. The effective FOV and optimal reflector configuration depends on the scanner physical dimensions, range, and required spatial resolution. General equations that permit us to predict the effective FOVs of diffraction limited reflector configurations with maximum directivity at broadside for any set of requirements were presented.
An implementation of such optomechanical system for a dual-mode stand-off imager at submillimeter wavelengths illuminated by a linear FPA of eight active transceivers and using a raster scanning technique was presented and validated. For the short-range scenario, a side-fed dual-reflector Dragonian system was identified among the most used offset reflector configurations as the one ensuring the largest effective FOV when illuminated by an FPA. The scanner is arranged after the main aperture, without causing additional scan loss. The achieved field of view is 120 × 120 cm 2 with a two-way resolution of 2 cm at 3.5 m range. The short-range system was coupled to a magnified confocal dual-reflector system. The latter has a range similar to the one of the Dragonian system, but with a narrower resolution, maintaining the validity of the considerations for different optics apertures. In the optimization, the effect of the scanner was taken into account since it introduces additional phase aberration loss. In particular, the position of the feeds can be adjusted to guarantee a reasonable loss for the entire rotation range of the scanner. The effective FOV is 70 × 70 cm 2 with a two-way resolution of 1 cm at 4.4 m range. The effective FOV of both operation modes of the system correspond to 70% of the effective FOVs achievable with canonical symmetric architectures. The experimental results confirmed the performance predicted by the simulations.
